1. Gluteal adipose tissue was examined in 13 patients with generalized adiposis dolorosa, a clinical condition characterized by painful adiposity with a chronic intractable course. The total metabolic activity of fat cells, isolated by collagenase and suspended in Krebs-Ringer bicarbonate buffer with glucose and insulin, was assessed by the measurement of heat production at 37°C using microcalorimetry.
INTRODUCTION
The aetiology of adiposis dolorosa is obscure and so is the cause of the pain and tenderness of the adipose deposits [l-41. As it is resistant to most analgesics, the disorder may cause great disability. It is therefore important to understand the mechanism behind the remarkable pain and to characterize the tender fat biochemically. The present study has focused on the energy metabolism of fat cells in adiposis dolorosa. In order to evaluate a possible metabolic derangement, we employed microcalorimetry to estimate the total metabolic activity of isolated fat cells by measurement of cellular heat production [5] . Studies of fatty acid composition of adipose tissue and lipoprotein lipase (LPL) activity were also performed.
MATERIALS AND METHODS

Patients
Thirteen patients (two males, 11 females) with a clinical diagnosis compatible with adiposis dolorosa were included in the study consecutively. They had the generalized type of disease with a constant moderate to intense pain in their subcutaneous adipose tissue symmetrically over virtually all areas of the body including the face. All were Caucasians. Their mean age was 50 years (range 26-78 years) at the time of biopsy, their body weight was 90 kg (SD 14 kg) and their body mass index (BMI) was 33.5 kg/m2 (SD 5.4 kg/m2). The median duration of pain was 13 years (range 2-48 years) at the time of biopsy. Anthropometric data are detailed in Table 1 . One additional patient was examined, a 59-year-old woman, who presented with diffuse fatty accumulations located only at the right buttock and thigh. All subjects were informed of Tablc 1. Heat production by gluteal fat and anthropometric data in 13 patients with adiposis dolorosa and in non-painful control subjects Statistical significance (Mann-Whitncy's U-test): *P< 0.01, **P< 0.001 compared with patients with adiposis dolorosa. (15) 115(27)* 48 (12) 40(24)* 26( 12)** the aim of the study and gave their consent. The Ethical Committee of Lund University gave approval to the invasive procedure.
Pain was dull or burning. All patients reported also excessive weakness, stiffness, disturbed sleep and constant extreme fatigue. Some had even sporadic bouts of low-grade fever without any superimposed infection. An extensive laboratory investigation was performed, and other organic causes of the pain were excluded. Two patients had a history of previous dysthyroidism: patient no. 5, hypothyroidism; patient no. 10, hyperthyroidism. It is noticeable that pain was refractory after they had become euthyroid.
Body weight standards were based on a randomly selected sample of 234 healthy females and 206 males from the city of Lund, after exclusion of subjects with an overweight index of 2 2 0 % from the original group of 255 and 217 cases, respectively [6] . These standards were normalized for age (21-61 years) and height. The mean height of the 12 female patients, 162 cm (SD 6), did not significantly differ from the standard height of 255 healthy females, 165 cm (SD 6). Total adipose tissue was calculated [7] . Patients were as a rule only mildly obese at the time of onset of the disease, with a mean premorbid body weight of 70 kg (SD 10). Some patients showed rapidly progressive obesity when pain started. Weight reduction efforts, with a transient mean weight loss to 80 kg (SD 13), gave no pain relief; instead, after the 3 years of follow-up they had gained weight to a maximum of 102 kg (SD 19) or a mean BMI of 36.4 kg/m2 (SD 5.3).
D-Thyroxine was previously proposed to diminish the pain in adiposis dolorosa as tested in two cases [8] ; eight patients were therefore subjected to 1 month therapy with D-thyroxine (Eulipos, Boehringer Mannheim), 4 mg once daily, whereafter the above procedure with fat tissue biopsies, etc, was repeated.
Fat-cell heat production
Adipose tissue specimens were obtained by open surgery from the upper lateral gluteal region, where all patients had moderate pain at palpation. It was performed in the morning after half an hour's rest and after an overnight fast. Local anaesthesia with Iidocaine was used, without infiltrating the biopsy area. Heat production was measured as described by Monti el al. [5] after isolation of the cells by collagenase treatment [9] of fresh adipose tissue for 20-30 min. With this short treatment no free floating fat was observed in the suspensions, indicating that no significant cell breakage had occurred during preparation. Cells were suspended in Krebs-Ringer bicarbonate buffer (0.05 mol/l; pH 7.4). Glucose (11 mmol/I) and insulin (100 units/l) were present in the medium in eider to provide substrate, thereby stimulating metabolic activity [5] . Mean fat-cell diameter was measured under the light microscope for 100 cells in
, using a technique that avoided selection of large cells; cellular volume ( = n/6 x diameter3) and triacylglycerol (TAG) content per cell were calculated from the cell diameter [lo] . Duplicate measurements were made in two almost identical microcalorimeters of the thermopile heat conduction type [ 111, with the ampoules charged with 1 ml of cell suspension containing 40% (v/v) cells. Heat production rate refers to the mean of two steady-state values recorded after 1 h at 37°C. The number of cells in each experiment was determined. The coefficient of variation for the method was previously found to be 6.5% [5] . Control biopsies from the subcutaneous gluteal area were obtained by open surgery from 12 lean healthy subjects (seven males, five females) and 15 obese (three males, 12 females) but otherwise healthy subjects, whose values, determined at the same laboratory and with the same equipment, have been reported previously [5, 121 ; no sex-related difference was observed. These subjects had mean body weights of 69 kg (SD 8) and 97 kg (SD 14), respectively. In addition, comparison was made with 14 grossly obese subjects [13] , weighing 132 kg (SD 27). The age range was 23-45 years in the three control groups (Table 1) .
Adipose tissue fatty acid composition, LPL activity and plasma lipoproteins
The fatty acid composition of adipose tissue lipids was measured by g.c. of fatty acid methyl esters, and was compared with that of 25 healthy females [14] with a mean BMI of 26.6 kg/m2 (SD 8.1) and a mean age of 57 years (range 50-70 years). Fat was taken from the upper lateral gluteal area by open surgery in the patients and by a Vacutainer technique [15] in the control subjects, and it was stored at -70°C. The activity of adipose tissue LPL was measured by a specific assay [16] after elution with heparin [ 171 and was related to tissue weight. Cholesterol and TAG were measured in plasma by established enzymic methods; high-density lipoprotein (HDL) cholesterol was determined after precipitation of very-lowdensity lipoprotein and low-density lipoprotein (LDL) by dextran sulphate and MgCI,, whereafter LDL cholesterol was calculated [18] .
Statistics
Means and SDS are given. Mann-Whitney's U-test was used for inter-group comparisons. Correlation coefficients were calculated by multiple regression analysis ( r), or by Spearman's rank test ( r,) if values seemed to be not normally distributed.
RESULTS
Fat-cell heat production (Table 1) The mean heat production rate, 75 pW/g of adipocyte lipid weight (SD 30), was significantly lower ( P < 0.01) than the corresponding values of both lean healthy normal subjects and weight-matched obese control subjects. However, mean fat-cell weight as well as adipocyte diameter, 118.5 p m (SD 12.8), were significantly greater (P<O.OOl) than in these two groups. Thus when the heat production rate was expressed in pW/cell there were no significant inter-group differences. On the other hand, when compared with the group of grossly obese subjects, the patients with adiposis dolorosa had significantly higher heat production in pW/g as well as in pW/cell (WO.01 and P< 0.001, respectively). Heat production, in pW/g or pW/cell, showed no correlation with patient age in either study group (rs= -0.1 and 0.2, respectively) or in the three control groups (r, = -0.1 to 0.4); patients younger than 50 years of age ( I I = 6) had a heat production of 57.4 pW/cell (SD 26.2), which did not significantly differ from the values of the lean and weight-matched groups.
When expressed per g of fat tissue, heat production was inversely correlated with BMI in the study group ( r s = -0.61, P<0.03, Fig. 1 ) as well as in the weightmatched control group (r, = -0.58, P < 0.04). No such correlations were found in the two other control groups (r, = -0.3 to -0.1). Cell diameter was significantly correlated with the total adipose tissue (r, = 0.70, P< 0.02), but it did not correlate significantly with BMI ( r, = 0.5) in the study group. Heat production in pW/g was not significantly correlated with cell size (r, = -0.3), and no significant relationships were found between the value in pW/cell and either BMI (rs = -0.1) or cell size (r, = 0.50).
In the weight-matched control group, heat production in pW/g, but not in pW/cell, was inversely correlated with cell size (r, = -0.58, P< 0.03). D-Thyroxine administration, which gave no symptomatic relief, decreased the heat production rate to 6 1 pW/g (SD 35) or 43 pW/cell (SD 25) from 81 pW/g (SD 26) or 59 pW/cell (SD 29) before therapy. Activity of adipose tissue LPL increased to a median of 15.3 m-units/g of lipid from 4.5 m-units/g of lipid. All these changes were, however, non-significant (Wilcoxon's test). After treat- 
1.6.
e, ment, mean fat-cell weight increased slightly to 0.76 pg (SD 0.24), whereas body weight was unchanged. Fatty acid composition was almost identical in three patients who had another biopsy performed after treatment. The woman with unilateral pain was biopsied on both the painful and the unaffected buttock and the following values were found: heat production rate, 19.4 and 97.7 pW/g, or, if expressed in pW/cell, 8.2 and 37.2, respectively; mean cell diameter, 102.6 and 97.0 pm, respectively. Fatty acid composition was almost identical on the two sides and LPL activity was low, 3.2 and 2.5 m-units/g of lipid, respectively.
Adipose tissue fatty acid composition (Table 2), plasma lipoproteins and LPL activity
Patients had significantly decreased proportions of 14:0, 18:O and 18:3+20:1 (fatty acids denoted as number of carbon atoms:number of double bonds), whereas the relative amounts of 16:l and 18: 1 were significantly increased compared with samples from healthy control subjects. The statistical differences persisted even when a slight influence of sex on fatty acid composition [14] was taken into consideration. The relative distribution of total saturated acids, 26.7% (SD 2.3), was not different from that of the controls, 27.3% (SD 2.4), whereas the proportion of total monounsaturated acids, 60.5% (SD 3.3), was significantly higher ( P < 0.002) than that of the control subjects, 55.2%. The proportion of stearic acid (1 8:0) was significantly correlated with the overweight index ( r = -0.8, P<0.02, Fig. 2 ), an observation also made in the lean control group (L. Jacobsson, F. Lindgarde, R. Manthorpe & B. Akesson, unpublished work). No relation was found between either fat-cell heat production or cell size and fatty acid composition.
Four patients had hypercholesterolaemia with plasma lipid concentrations of > 7 mmol/l. The mean plasma levels were: cholesterol, 6.3 mmol/l (SD 1.5); LDL cholesterol, 4.3 mmol/l (SD 1.3); HDL cholesterol, 1.06 mmol/l (SD 0.28); TAG, 1.7 mmol/l (SD 1.2). Adipose tissue LPL activity, as analysed in seven of the patients, had a median value of 4.7 m-units/g of lipid wet weight (interquartile range 3.9-8.0 m-units/g of lipid wet weight), which is slightly, although not significantly, lower than our reference value, 5.2-14.8 m-units/g of lipid wet weight.
DISCUSSION
Intractable painful obesity is a characteristic feature of adiposis dolorosa [ 1-41 and our patients fulfilled this criterion. Even if the patients appeared to have rather stable body weights at the time of biopsy, the natural course of the disease, at least during the first decade, Table 2 . Fatty acid composition of gluteal fat in nine patients with adiposis dolorosa Fatty acids are denoted by number of carbon atoms:number of double bonds. Statistical significance was determined by using Mann-Whitney's U-test. Abbreviation: NS, not significant. included a steady weight gain and increasing pain. They were almost 50% overweight as compared with our reference subjects.
As the subcutaneous tenderness was diffuse and was not confined to 'lipomas', we chose to take the biopsies from the same painful area in all subjects, namely the buttocks, which had little or no granularity. Fat cells were larger than those of weight-matched subjects and similar in size to those of a grossly obese group. Heat production, as expressed per cell, was, however, almost twice as high as in the latter group. The pathophysiological significance of this is unclear, but it may possibly distinguish adiposis dolorosa from ordinary non-painful obesity. One could speculate if the difference in heat production compared with the grossly obese group might be dependent on a higher sympathetic activity due to nociceptive stimuli in the painful tissue. There is in fact one case report [19] suggesting sympathetic dysfunction in Dercum's disease, but there are also indications of reduced sensitivity of the painful tissue to noradrenaline [20] . Generally, however, the influence of the sympathetic nervous system on adipose tissue as well as on the control of fat-cell size are still poorly understood [21] .
We did not find any significant association between heat production and cell size in the study group, but this was the case in the weight-matched control group and has been reported previously in normal rats [22] . In our previous investigations it was further noted that after weight reduction, due to either surgical gastroplasty [12] or dietary restriction [ 131, heat production, notably that expressed per g of adipose tissue, increased from initially subnormal values as cell size decreased. Whether our patient with the remarkable unilateral pain should be classified as having Dercum's disease or not is an open question. Nevertheless, she displayed clear side differences in cellular heat production, with markedly lower values and somewhat larger fat cells on the painful side.
Our present findings merit further metabolic study, especially in the light of a previous report on 11 patients with adiposis dolorosa [ 191 showing an inhibited lipolysis, reduced glucose utilization (cf. [23] ) and decreased insulin sensitivity in painful 'lipomas' compared with non-painful fat. A hypothesis was also presented by Blomstrand et al.
[4] on possible defects in long-chain monounsaturated fatty acid biosynthesis emanating from an examination of 'lipomas' in two patients who exhibited a more localized form of disease with painful fat deposits confined to the legs. This defective synthesis was, however, not associated with an abnormal adipose tissue fatty acid composition, which actually argues against their proposed mechanism. Contrary to this, we found an increased, not a decreased, proportion of, for example, oleic acid (18:l) and a significantly increased relative percentage of total monounsaturated acids as compared with healthy control subjects. One could ask if this was due to the different dietary pattern of our patients? However, the proportion of the essential linoleic acid (1 8:2) that can be assumed to have originated only from the diet did not differ between patients and control subjects. No major abnormality in adipose tissue fatty acid composition has otherwise been reported in ordinarily obese female subjects [24] . The inverse relationship that we found between the proportion of stearic acid (18:O) and the obesity index gave no hint of a biochemical abnormality as it was similar to that observed in the healthy subjects (cf. [25] ).
So far, our study has been confined to the adipose tissue of patients with adiposis dolorosa and the data do not explain the nature of the diffuse chronic pain. It is concluded that the fat cells from these patients were markedly enlarged and that cellular heat production was higher than in grossly obese subjects who had fat cells of similar size. The metabolic rate was, however, not different when compared with normal-sized fat cells from lean healthy or from weight-matched obese non-painful subjects. The pathophysiological importance of an altered fatty acid composition, with increased monounsaturated acids, in the painful adipose tissue remains to be determined. A metabolic pathogenetic factor cannot be ruled out in adiposis dolorosa, and further study is needed for example of the mechanisms of the control of adipocyte size.
